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INTRODUCTION
A computer simulation model was used to study several aspects of exploring for petroleum deposits within the Powder River Basin, Wyo. The purpose of this study is to estimate the performance of the random-walk exploration model in the hypothetical exploration of a large region in which a substantial number of deposits has been discovered, such as the Powder River Basin. When a technique becomes available which will yield a reliable estimate of the total frequency distributions for the size, shape, reserves, and depths of the deposits contained in an area, a valid comparison can be made between the performance of the random-walk model and the success rates actually achieved in the basin. Such a comparison cannot be made here because an estimate of the total resource base of deposits contained in the basin was not available for this study; only the suite of deposits discovered with the network of exploratory wells drilled through the year 1970 was available. If these exploratory wells had been located differently, a somewhat different suite of deposits would almost surely have been discovered.
The term "gambler's ruin" is used in this report to denote the probability of not discovering a single deposit during the execution of a given exploratory drilling program. Several additional terms used in this paper are defined below: 1. Simulation modeL-A device (a computer program) which is used to mimic the exploration process. 2. Random-walk allocation rule.-A rule making it equally likely for any point in the basin to receive a well in an exploration program, given that the point is not closer than a specified distance (lag) from the location of the last well drilled or that it is not within the boundary of a previously discovered deposit. 3. Resource base exhaustion.-The sequential depletion of deposits from a resource base through the exploration process. 4. Hindsight simulation modeL-A model which assumes that an analysis of historical data can predict the outcome of future exploration. A static time reference is used-that is, time is not a factor in itself (in that it passes) but only in that it refers to a point at which the full resource base is present. In this study, 1899, the year when the first deposit was discovered in the basin, was chosen as the time reference point. 5. Sequential simulation modeL-A variant of the basic hindsight model which employs a dynamic time element-that is, at INTRODUCTION 3 any given time only those deposits remaining to be discovered between that year and the year 1971 are retained in the resource base. The hindsight simulation model was used to demonstrate the relationships between the intensity of exploratory drilling (the number of wells per program) and the outcome of exploration, as summarized by a suite of performance criteria. The criteria include (1) the average quantity of petroleum discovered, (2) the average number of deposits discovered, (3) the probability of gambler's ruin, and (4) the probabilities of obtaining specific levels of success.
The hindsight model simulated the discovery of that part of the entire petroleum resource base discovered in the Powder River Basin (approximately 27,000 mP) during the 1889-1970 time interval. During this period 154 deposits were discovered in the basin. This suite of deposits is conservatively estimated to contain 1.6 billion equivalent barrels of producible petroleum; approximately 35 percent of this quantity is contained in a single deposit, the Salt Creek Deposit.
In the hindsight simulation model the exploratory wells were allocated according to the random-walk strategy. The intensity of exploratory drilling was varied from a minimum level of 10 wells to a maximum level of 500 wells. From the raw simulation results, tables and graphs were constructed which display the response characteristics of the exploration model for each of the performance criteria within this range of exploratory drilling. The effect of incremental exploratory drilling upon the average quantity of petroleum discovered was also examined.
The sequential variation of the exploration model was used to isolate the effect of resource base exhaustion upon the exploration performance criteria. The same method was used to allocate the exploratory wells in the sequential model as was used in the hindsight model. The resource base on which exploratory drilling was applied in this model was the suite of 111 deposits discovered during the actual exploration of the basin between the years 1952 and 1971. The effects of exhaustion of this resource base upon the exploration performance criteria were determined by removing each deposit discovered during each yearly time period and redrilling the basin with the same intensity as actually used.
The study also estimated the probability of certain compound discovery events, the discovery of a deposit at least once during a sequence of time intervals.
MODEL FOR PETROLEUM EXPLORATION SUCCESS
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EXPLORATORY WELL ALLOCATION SCHEME AND INPUT DATA ARRAYS
In both model variations the random-walk method of allocation was used to locate exploratory wells. Using this allocation rule, any point within the basin is equally likely to receive a well, given that it is not closer than a specified distance (lag) from the location of the last well drilled or that it is not within the boundary of a previously discovered deposit. The magnitude of the lag was chosen arbitrarily to range from a maximum of 10 miles (16 km) for a lO-well exploration program to a minimum of 2 miles (3.2 km) for exploration programs with 100 or more wells.
Two types of input data arrays are required by the models. First, the configuration of the boundary of the basin and the geometry of the target deposits must be input in the form of a grid. This formulation allows the boundaries of the target area and the geometry of the target deposits to be approximated to any desired degree of precision by simply varying the spacing of the input array. The second type of data input required is estimates of the quantity of petroleum that can ultimately be produced from each target deposit. When such estimates were unavailable, cumulative production figures through February 28, 1971, were used.
The grid characterizing deposit geometry and the configuration of the boundary of the basin was obtained by digitizing a base map with a :1;4 by :1;4-mile (0.4 by 0.4-km) grid. This density is equivalent to one datum point per 40 acres, which is the smallest of the commonly used development drilling spacings. Each grid point of the basin was classified as being either barren or within a productive petroleum deposit. Those points located within the boundaries of productive deposits were assigned a code number which was keyed to the estimated productivity of the deposit. In simulating the exploration of the basin, these code numbers served as the basis for an accounting system utilized to summarize WELL ALLOCATION SCHEME AND INPUT DATA ARRAYS 5 the performance of each exploration program. An idealization of this digitization process is given in figure 1 . The principle advantage of formulating the input data array in this manner is that an explicit relationship between the intensity of exploration and both the probabilities of discovering each target deposit and the values of each performance criterion were determined.
THE HINDSIGHT MODEL
Two central elements are common to any variation of a hindsight model. First, the spatial distribution of the targets and the distribution of their values are derived from records of past exploration activity in mature or exhausted areas and not from predictions based upon geologic or geophysical data of the resource potential remaining to be discovered within the target area. Second, to predict future performance from historical data, a similarity assumption is made. The similarity assumption nearly always is an assertion that the resource base discovered in the past in one geographic region (the control area) is similar to the resource base remaining-to be discovered in another geographic area (the target area) and henceforth the control area resource base can be At least three reasons can be suggested to explain the extensive use of the hindsight model. First, the exploration data commonly available to exploration analysts are historical records summarizing past exploration performance. These data, which are useful only for retrospectively describing exploration, are usually available for a region in the form of lists of past discoveries and yearly drilling intensity statistics. Second, a hindsight model alone will usually yield adequate estimates of future exploration performance if the principal exploration objective is to predict the expected gross return or range of return. Third, several analysts who have studied the exploration process have done so by adapting specific hindsight models developed in the field of military operations-research to search for hostile submarines, antiship mines, or pilots downed at sea (Engel, 1957; de Guenin, 1962; Griffiths and Drew, 1964; Griffiths and Singer, 1972) .
RESPONSE CHARACTERISTICS OF THE HINDSIGHT MODEL
The response characteristics of the random-walk exploration model are the values, particular to this study, which are associated with the performance criteria. between the values of the performance criteria describing the distribution of the quantity of petroleum discovered and the intensity of exploratory drilling. The values of the performance criteria which describe the distribution of the number of deposits discovered at each level of drilling intensity are shown in table 2, as is the probability of encountering a given number of unsuccesful exploratory wells in succession before the first discovery. A minimum of 3 million simulation cycles was used to obtain the results shown in these tables. Inspe·ction of table 1 suggests some general conclusions about the response characteristics of the model. First, the relationship between the average quantity of petroleum discovered per program and the intensity of drilling is nonlinear. Thus, doubling the size of the exploration program does not cause the average quantity of petroleum discovered to double. Second, as the intensity of exploration is doubled at higher and higher levels, the deviation from nonlinearity increases. This phenomenon of increased deviation from linearity of response is usually referred to as the exponential saturation effect or the effect of diminishing returns. This effect is a common consequence arising from the normal use of many search procedures actually used in exploration.
The response characteristics of the exploration model are shown in figures 2 through 4. In figure 2, the probability of gambler's ruin and the probabilities of attaining six specific levels of discovery are plotted as functions of the intensity of exploration. In figure 3 , the average quantity of petroleum discovered and the standard deviation of the distribution of the quantity of petroleum discovered are plotted as functions of the intensity of exploration. In figure 4 , the average incremental quantity of petroleum discovered is plotted as a function of the intensity of drilling.
Within the 10-to 100-well range, the probability of gambler's ruin, the probability of not making a single discovery, declines very rapidly as the intensity of exploration is increased (fig. 2) ; from 0.801 for 10 wells to 0.103 for 100 wells. Further increases in the intensity of drilling (beyond 100 wells) cause little additional decrease in the probability of gambler's ruin. Thus, the proba1bility of discovering one or more deposits is strongly affected by changes in the intensity of exploration drilling at the lower intensities.
Six curves in figure 2 show how the probabilities of achieving or exceeding six levels of discovery (1, 10, 50, 100, 200, and 400 million barrels) varies in response to changes in drilling intensity. The curve for the 1-million-barrel level is essentially the complement of the gambler's-ruin curve because less than 15 percent of the deposits in the resource base have estimated potentials of less than 1 million barrels. Therefore, when a deposit is discovered there is at least an 85 percent chance that the 1-millionbarrel level has been attained or exceeded.
The form of the response curves changes significantly as the discovery goal is set at successively higher levels. At the 200- million-barrel level and beyond, the response of the probability curve is essentially linear over the entire 10-to 500-well range; additional increments of exploration drilling return nearly equal increments in the probability of achieving the goal. The average quantity of petroleum discovered per program increases as the intensity of drilling increases but at an everdecreasing rate (fig. 3) . The incremental return is seen ( fig. 4) to decline from 1.31 million barrels per (incremental) exploration well to 0.77 million barrels per (incremental) exploration well over the 10-to 500-well range. At approximately the 250-well level, the rate of change of this curve is 1 million barrels per exploraton well.
THE SIMILARITY ASSUMPTION AND AN EXAMPLE
The similarity assumption is required to convert the results obtained from a hindsight model into a basis for predicting the outcome of future exploration in a target area similar to the control area. Hindsight model results as they stand, however, are 
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completely adequate to determine what would have happened if actual past exploration had been carried out according to the tenets of the hindsight model. Extrapolation from hindsight summary to the prediction of future discovery without adequate consideration being given to the similarity assumption is a short but peril-laden leap.
Often it is possible to support the use of the similarity assumption with specific geologic data. Criteria which should be examined in judging the validity of the similarity assumption for any specific target area are (1) the thickness of the stratigraphic section, (2) the presence of transgressive and regressive sediments, ( 3) the source bed characteristics, and ( 4) the types of structures within the basin.
In other cases, the exploration analyst may have to rely on the fact that no serious objection can be raised to negate the use of the assumption. In those cases where little explicit data exists to support the use of the assumption, the analyst is forced into the position of making the assumption knowing that subsequent evidence may be obtained which would severely compromise the validity of the predictions.
Once the control and target areas are selected and the assumption of similarity is made, however, the outcome of future ex-ploration can be predicted from the model results. The model results displayed in tables 1-3 and figures 2-4 can be used for predictive purposes if it can be assumed that the undiscovered deposits in the target area are similar to the deposits discovered in the past in the Powder River Basin and if the method of allocating exploration wells in the target area is similar to that used to develop the Powder River Basin model results.
The question of how deep exploration wells should be drilled must be resolved by establishment of a rule. Such a rule might specify drilling to a target formation, say the Minnelusa (Pennsylvanian) or its equivalent. An additional cost restraint might produce a joint rule which might specify drilling each exploration well to the Minnelusa or to 13,000 feet (3,950 m) whichever is shallower.
The information contained in table 1 suggests probabilistic statements about the relationship between the quantity of petroleum discovered and the size of the exploration program. For example, if only 10 wells can be allocated for exploration the risk of gambler's ruin is very large (80.1 percent). The chance of discovering a million barrels or more is only 19.4 percent. Ten million barrels or more will be discovered only 15.9 percent of the time, 50 million barrels or more only 5.1 percent of the time, and 100 million barrels or more only 3.7 percent of the time. On the average a total of 13.1 million barrels will be discovered when Total -------3,691 THE HINDSIGHT MODEL 18 10 exploratory wells are allocated. At first glance this average may appear to be disconcertingly large when compared with the probabilities of reaching or exceeding specific levels of discovery.
The apparently large size of this average relative to the probabilities of achieving various discovery goals is caused by the large skewness in the right tails of the distribution of petroleum deposits lying within the basin. For example, the largest deposit, the Salt Creek field, is nearly three times larger than the next larger deposit. As a result, the distribution of the quantity of petroleum discovered is highly skewed to the right when a small exploration program is employed because the probability of discovering the largest field, or one or more of the other large fields, is small (P = 0.14 for discovering the Salt Creek Field with a lO-well exploration program). Thus, the discovery of the Salt Creek Field "pushes" the frequency distribution of petroleum discovered far to the right. When this field is not discovered the aggregate quantity of petroleum discovered with a lO-well program is far smaller, usually less than a third as large. The skewness of the distribution of the quantity of petroleum discovered decreases as the intensity of exploratory drilling is increased because the chance of discovering the larger deposits approaches certainty.
The most likely use that an exploration analyst may choose to make of the information displayed in table 1 is to determine the intensity of exploratory drilling required to achieve a specific goal and at the same time not to violate a specified risk level. For example, if the management of an exploration company sets a goal of discovering at least 100 million barrels of petroleum in the target area and at the same time is not willing to assume more than a 20 percent risk of not reaching that goal, then a 300-well exploration program must be scheduled ( fig. 2) . It does not follow, however, that one out of five times the firm must face gambler's ruin in the exploration project. On the contrary, the probability of gambler's ruin is only 0.003, three chances in a thousand. The probabilities of achieving lesser levels of discovery ranges from 0.996 for the 1-million-barrel level to 0.939 for the 50-million-barrel level.
The expectation is that a 300-well exploration program would result in the discovery of 327.3 million barrels in the target area (table 1) , that this average quantity would be contained in 5.72 deposits (table 2), and that the number of deposits discovered would range from 0 to 15. The probability of discovering at least one deposit is then 0.997, a virtual certainty. The probability of discovering at least five deposits with a program of this size is 0.711, or about seven chances in ten. The probability of discovering 10 or more deposits is only 0.040, or four chances in one hundred.
The probability of encountering a specific sequence of unsuccessful exploration wells in the normal course of exploration in the target area prior to the first discovery can be computed by interpolating the results listed in the fourth column of table 2. The probability of drilling a series of 10 unsuccessful wells in a row is 0.801, a rather large risk. Approximately half of the time (P = 0.509) 30 consecutive unsuccessful exploration wells would be encountered prior to the first discovery.
EXHAUSTION
The effect of exhaustion of the petroleum resource base of the basin upon several exploration performance criteria is investigated. (The sequential model must be used to develop the results discussed in this and the following sections.) The 20-year time interval 195·2-71 was chosen for study. During this period, 111 deposits were discovered which were conservatively estimated to have contained 545,727,000 equivalent barrels of petroleum. It is pointed out that this resource base is only a part (approximately 40 percent) of the total petroleum resource base of the basin discovered since 1889 ; the total resource base could not be utilized because of restraints on the availability of computer time. Therelationship between the exhaustion of the resource base and the values of each performance criterion were computed by diminishing the resource base by yearly time increments (exhaustion sequence) and simulating the exploration of the basin with program.s of 10 to 500 exploratory wells at the start of each new time increment. The discovery sequence actually encountered during the exploration of the basin during the 1952-1971 period was chosen as the exhaustion sequence. The quantity of petroleum and the number of undiscovered deposits remaining in the resource base at the beginning of each yearly time increment are shown in figures 5 and 6, respectively. The results of this exhaustion study are again hindsight, and extrapolation of thes·e results into a different petroleum province must be made cautiously.
The effect of the exhaustion of the basin's resource base upon three exploration performance criteria were evaluated and are displayed in figures 7 through 12. Figures 7 through 9 show the surfaces for the expected value of the quantity of petroleum discovered, expected numbers of deposits discovered, and the prob- 1962 1964 1956 1968 1960 1962 1964 1966 1968 1970 1972 YEAR FIGURE 5.-Quantity of petroleum in resource base. 1952 1954 1956 1958 1960 1962 1964 1966 1968 1970 1972 YEAR FIGURE 6.-Number of deposits in resource base. ability of gambler's ruin. Figures 10 and 11 , respectively, show the expected value of petroleum to be discovered for three intermediate exhaustion levels and the partial derivative curves for the expected quantity of petroleum discovered with respect to the size of the exploration program.
From figures 7 through 9, the performance of various exploration programs can be determined with respect to the level of exhaustion. For example, an operator planning, say, a 20-well exploration program can estimate what effect exhaustion of the resource base will have upon the expected results of such a program. At the start of the 20-year interval a 20-well program will on the average discover 0.303 deposits containing 8. 7 million barrels. The probability of gambler's ruin (not discovering a single deposit) is 0.601. When the resource :base is at the 50 percent exhaustion level, 0.21 deposits with 6.5 million barrels are expected to be dis·covered when 20 wells are drilled. The chance of ruin is 0.926 for this situation. For a petroleum company or group of companies undertaking a 200-well exploration program, it is expected that an average of 2.49 deposits containing 66.3 million barrels would be discovered when the full resource base is present; the chance of gambler's ruin is estimated to be only 3.6 percent. If the resource base is at 50 percent exhaustion level, a 200-well program is expected to lead to the discovery on the average of 1. 75 deposits containing an average of 49.6 million barrels; the chance of gambler's ruin for this case is 5.8 percent. 
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It is noteworthy that a reduction of the resource base by half (reduced to the 50-percent exhaustion level) does not reduce the levels of the performance criteria proportionally. This phenomenon is perhaps better illustrated by constructing plots like those given in figures 10 and 11. In figure 10 , the expected quantity of petroleum to be discovered is plotted against exploration intensity for three intermediate levels of exhaustion, 500 (8.4 percent exhaustion), 300 ( 45.0 percent exhaustion), and 100 million barrels (81.7 percent exhaustion). Note that, irrespective of the size of the exploration program, increasing the quantity of petroleum in the resource base by a given factor does not cause a similar increase of the expected quantity of petroleum discovered. This is again a result of the exponential saturation effect (the effect of diminishing returns). Figure 11 gives the partial derivative functions ( oE (q) jaW) for the same three intermediate exhaustion levels given in figure 10. The symbol E (q) denotes the expected quantity of petroleum to be discovered by a given program. The symbols Wand Q denote, respectively, the number of exploratory 0~ 19 wells drilled and the quantity of petroleum remaining in the resource base at a particular time. The variation in the rate of diminishing return per well is most extreme for those exploration programs with less than 50 wells. For example, when the resource base contains 100 million barrels, the rate declines from 220,000 barrels per well for a lO-well program to 170,000 barrels per well for a 50-well program. Beyond this initial range the rate still diminishes, but much more slowly. At the 500-well level, the rate has only declined to the 125,000 level. The effect of exhaustion of the resources upon the quantity of petroleum expected to be discovered is shown in yet another manner in figure 12 , where this performance criterion is expressed as the average quantity of petroleum discovered per well and plotted against the quantity of petroleum remaining in the resource base for each of four exploration programs. For example, assume that a discovery rate of 250,000 barrels per well must be attainable to attract funds for exploration. Given such a level, it can be determined from this graph that a 20-well exploration program can be carried out successfully down to the point where only 145 million barrels (73.4 percent) is left in the basin. If a 100-well exploration program is planned, then at least 225 million barrels (58.8 percent exhaustion) must remain undiscovered in 100,000
QUANTITY OF PETROLEUM IN RESOURCE BASE, IN MILLIONS OF BARRELS
FIGURE 12.-A verage quantity of petroleum discovered per well versus level of exhaustion for four levels of exploratory drilling.
the basin to attain or surpass the desired goal. For a 200-well program, 280 million barrels or more ( 48.7 percent exhaustion or less) must be present; and 345 million barrels (36.8 percent exhaustion or less) must be left for the goal to be achieved if a 400-well program is to be undertaken. A tendency therefore exists for the larger operators to decrease and finally cease exploration as the level of exhaustion increases in a region. This occurs because the larger operators cannot reasonably expect to discover, at an acceptable rate of return, the volume of petroleum necessary to induce them to continue to explore in the region. Despite the fact that the larger operators leave a region because of the effects of exhaustion, a smaller operator can still obtain an acceptable rate of return, assuming that the risk of not finding the remaining deposits is not too great.
COMPOUND-DISCOVERY-EVENT PROBABILITIES
The efficiency of the aggregate exploration process in discovering specific deposits is often a topic of debate among petroleum explorationists. It is often the case that the larger deposits in a basin are discovered early in the exploration history of the basin. In other cases, a major deposit may remain undiscovered for decades even through significant exploration activity has been undertaken within a short geographic or stratigraphic distance of its location. As a first approximation to the solution of estimating the chance of compound discovery events, the probabilities of discovering six of the larger deposits actually discovered during the 1952-71 time span were estimated. The actual intensities of exploratory drilling expended during this period were used in these computations. The results (table 3) are again based upon the random-walk method of allocating exploration wells. These results therefore represent the worst that could be expected to occur because no information was used to remove those regions with low discovery potential.
The number of exploratory wells actually drilled from 1952-71 are shown in figure 13 (see also table 3). During this period the yearly drilling rates ranged from a minimum of 38 for the year 1952 to a maximum of 586 for 1968. The probabilities of discovering each of the six deposits within a particular year are shown in table 3. Note that these probabilities vary as a direct function of the drilling intensity. For example, the year in which the probability of discovering the Hilight deposit is the largest (P= 0.868) is 1968 when the greatest number, 586, of exploratory wells were drilled and smallest (P = 0.122) in 1952 when only 38 exploratory wells were drilled. (I) ..J 1962 1964 1956 1958 1960 1962 1964 1966 1968 1970 1972 YEAR FIGURE 13.-Number of exploratory wells drilled in the Powder River Basin, 1952-71.
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The probabilities of discovering each deposit in at least one year during the period beginning in 1952 and up to and including the year of discovery are shown in table 4. These computations were made with a computer program designed to solve the hinominal equation for the case where the probabilities of success vary from trial to trial. The probability of discovering the Hilight deposit at least once when the random-walk strategy is used to allocate exploration wells is 0.99998, a virtual certainty. In fact, the chance of discovering this deposit at least four times with the 3,2,57 exploratory wells drilled between 1952 and 1969 is also nearly certain (P= 0.985). The chance of discovering the Bell Creek deposit, the largest deposit discovered in the basin in the last several decades, at least once with the random-walk strategy is estimated to be 0.903. The discovery of relatively small deposits, such as the Gas Draw or Springen Ranch fields, at least once using the random-walk strategy is estimated to occur at least 50 percent of the time in each case. Table 5 gives another sequence of probabilities which show the progressive increase in the probability of discovering the six deposits over the time period starting in 1952 and ending in the year prior to actual discovery of each deposit. The probabilities shown in this table were computed sequentially by re-exploring the basin according to random-walk strategy and by increasing the intensity of drilling by yearly increments. The probability of discovering the Bell Creek deposit when 38 exploration wells are drilled (1952) is 0.037. If the two years 1952 and 1953 are considered as a single time unit, the probability of discovery increases to 0.093; for the time unit ending in 1960 the probability increases to 0.590 and it increases further to 0. 763 for the time unit ending in 1963. When the total period from 1952 through 1966 (the year prior to the actual discovery of the deposit) is considered as a single time unit, the probability increases to Caution must be observed in using the probability estimates developed from this model study to evaluate the effectiveness of historical performance in discovering specific deposits; these estimates are subject to both positive and negative biases, the magnitudes of which can be only roughly estimated. For example, these probability estimates are conservative on the one hand because the target area in the simulation study is the entire basin, in which an exploration well can be located anywhere, even near the boundary of the basin where potential is low. Such areas are roughly estimated to comprise 150 townships, or more than 5,000 mi 2 • Exploration wells can also be located within the relatively unexplored central and north-central parts of the basin where, in 1970, 139 townships, or about 5,000 mP, were untested. Thus, of the basin's 27,000 mP, approximately 40 percent which did not physically contain any of the deposits used to make the probability estimates and which would not be given much consideration by the industry as having discovery potential was considered to be in the target area. The magnitude of this negative bias upon the estimates would, however, be less than 40 percent because of the effect of diminishing returns. On the other hand, the discovery probabilities are larger than those to be expected in reality because the depth to which each exploration well needs to be drilled to insure discovery is not explicitedly considered in the
